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model the conversion rate of CO to @ Hs a function of temperature in a nebular
Experiments simulating heterogeneous conversion of H, and CO  mixture of H, and CO due to FTT reactions. Kress and Tielens (1996) and Kre:
into simple hydrocarbons in astrophysical environments have been ~ (1997) presented a time-dependent model for the conversion of COja&#i
performed, utilizing realistic cosmic grain analogs of Fe-doped sili- function of th_e average number ofzh‘holec_ules available for interaction with
cates as Fischer—Tropsch-Type catalysts. Catalysis was studied for each metal site. In general, Kress and Tielens (1996) and Kress (1997) sh

. that, for temperatures between 450 and 650 K, and pressures fromtd0
temperatures from 470-670 K and reactant gas mixtures of H,/CO 1 bar, the conversion from CO to GHs extremely efficient in the presence

\_Nlth aratio of _2_100‘ The total gas pressure Was_ near 0.5 bar. MaX- of 10° surface sites c? of FeNi metal for an H/CO ratio of 1381. These
imum conversion rates of a few percentage points were achieved  congitions are thought to be relevant to those in the early solar nebula. T
over a 3-h time period. Major products were methane, ethane, ethy-  formation rate was seen to depend on the active surface area meoleicule.
lene, carbon dioxide, and water. Products were identified by IR  The larger the active area, the shorter the time for conversion.

SPectroscopy. © 2000 Academic Press A variety of laboratory studies (Studiet al. 1968, Ander®t al. 1974, Krebs
Key Words: atmospheric composition; atmospheric evolution; or-  etal.1979) have identified the synthesis of hydrocarbons from FTT reactions
ganic chemistry; prebiotic chemistry; solar nebula. CO and h. Prinn and Fegley (1989) have pointed out that the conditions undk

which effective grain catalysis may occur are not well understood, although mc
laboratory data show positive results in the CO tay€binversion. Experimental

Introduction. CO is the most abundant carbon-containing gas molecule ﬁgnditions of the studies mentioned above (0.1 to 10 bar total pressure, react

a variety of astrophysical environments, for instance, in interstellar regions atﬁalqperitures;romsoo—SOO I_(I,‘ang A Cl? Ir atfls fromhl 10 20) do not alw?fys ,
in the molecular cloud from which our solar system condensed. The efficier/&) €Ct those thought to prevail in the nebula. Also, what constitutes an effect:

of converting this molecule into organic compounds varies with the proce .d r]felevant catalysm;urface is still adn_ gpenhques_tloT.(Ijzxgenm:ents undf‘rava
In general, homogenous gas-phase reactions are not sufficiently fast to exp?:SYno temperature an prgssure con |t_|ons ave included catalysts suchasy
metal, ground chondrite powder, minerals of carbonaceous chondrites (e

the inventory of organics observed in comets and carbonaceous chondrites. ’ L )
chemical mechanism which might alter the inventory of organics is a heteroéj’éQund meteorite), or montmorillonite clay. Fegley (1998) reported conversic
O to CH; under conditions reproducing the total pressure, temperature

neous catalytic reaction at gas—grain surfaces, which depends on the cataRIti io for the iovi bnebul del h d that the effici
efficiency of the grain. In natural environments this is often determined by tRUC G'H ratio for the jovian subnebula models. He showed that the efficienc

presence and activity of metals such as Fe or Ni. The catalytic formation of & 1€d with the type of catalyst but that iron metal was the most effective. Llorc
ganic molecules from CO in the presence efifithe nebular gas is an example ar_ld Casanova (_199_8) reported ona St“d_y ofth_e synthesis of hydroca'rbons al
of a Fischer—Tropsch-Type (FTT) reaction. with the cgrbonlzatlon of ‘the metal grains usmg.(-:arefully _charactenzed Fe_l‘

metal particles supported in a high-surface-area silica aerosil under the followi
conditions: 5x 10~* bar, 473 K, and a ratio of };fCO= 250.

We present the first results of an experiment in which FTT conversion c
CO to CH; and other organics was detected using realistic grain analogs
These FTT reactions are widely used in industry to produce alkanes, alkenggystellar dust. Laboratory grain analogs condense in a cooling gas flow
and alcohols from CO andzith transition metal catalysts (Hendrickseral. 5 size, composition, and morphology similar to interstellar silicate dust grair
1970). formed in the cooling outflows of oxygen-rich red giant stars. The grain analoc

The possible importance of FTT synthesis of different classes of organjg, exposed to a gas mixture of # CO (0.4—0.6 bar, 470-770 K) with a static
compounds in chondritic meteorites has long been recognized (see, .9., Yi@ksure and a temperature range within those discussed by Kress and Tie
1953, Hayatsu and Anders 1981, Studienl. 1968). Fegley (1988) and Prinn (1996) and Kress (1997). Although,iHCO ratios of 18-10* are typical of
and Fegley (1989) used an empirical rate equation, based on laboratory datgstfonomical nebular regions, our reactant ratios varied fromPelfsure that

the infrared absorbances of synthesized species were detectable. The var
gas ratios used in our experiments, combined with the high surface area

1 Current address: University of Maryland, College Park, Maryland. the laboratory materials, resulted in estimated fFe site ratio of the order of

nCO + (n + 0.5x)H, — ChHx + nH>0
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10% (see the Appendix). Except at the lowest temperatures, we detected soi g —
formation of CH,;, CoHg, and GHg in all samples after only 3 h.

Experimental. The cosmic grain analogs are Fe-doped silicate “smokes,
made in a separate high-temperature condensation chamber by combusiingS 8 |
in the presence of XNelsonet al.1989) and Fe(CQ) followed by vapor-phase
nucleation and growth in anthtmosphere. Smokes have grain sizes in the rang
10-30 nm (Rietmeijer and Nuth 1991). They are amorphous in morphology ar N
composition (Rietmeijeet al. 1986). The small size and incomplete oxidation -
of the particles result from the rapid nucleation and growth. The concentratic
of Fe in the smoke can be controlled during production; chemical analysis ¢ -
the smokes used in these experiments showed iron contents from 2-9.8% Fe
mass. Assuming the stoichiometry of the silicon component to #es;Sthese I
smokes have an [78i number ratio from-9 to 50 times lower than solar-system 2 | }\
abundances based on meteorites (Anders and Grevesse 1989)./Besftie
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in the smoke changes by less than a factor of two for reasonable alternate silic I A Methane J& Methane
compositions. The physical distribution of the metal within the smoke particle 0
is not known; estimates of the site concentrations assume a uniform surfa L —L L
distribution proportionate to the relative numbers and ionic sizes of the variot 3100 3000 2500 2800 1400 1200 1000 800
species. However, X-ray spectroscopy (discussed below) suggests that a n
uniform distribution of the iron is a possibility. dsbauer analysis of the 2%
Fe-doped silicate smoke revealed two ferric components consistent with an Fe=1G. 2. The mid-infrared spectrum of an ice formed from H2CO gas
silica and an Fe-oxide/oxyhydroxide site and possibly a ferrous component sitfixture (2CO/H, = 20) reacted with Fe-doped silicate smoke is labéR
The absence of magnetic field splitting, even at 15 K, is thought to be consistexp. Absorption features are identified by comparison with reference spect
with the nanophase nature of the iron particulates within the smoke. Gas adse@f32C forms of ethane, ethylene, and methane mixed with water. An ice forme
tion (BET) measurements using @&dsorbate, performed with the Micromerit- from H, 4+ 13CO gas mixture fCO/H; = 23) reacted with Fe-doped silicate
ics Gemini Surface Area Analyzer, indicated a total maximum surface areagphoke is labeled®C EXP. All spectra were measuredTat- 20 K.
~125 nf g~1 (at 195 K) for the iron silicate smokes.

A schematic diagram of the setup used for the catalytic studies is shown in
Fig. 1. Approximately 0.1 g of the Fe-doped silicate smoke was packed aroufd reactant gas mixture was admitted to the system to a presst@®bar
a porous glass dispersion tube, placed coaxially in a Pyrex glass reactor. &he circulated through the closed-loop using the diaphragm pump. The ent
dispersion tube inlet and reactor outlet were attached to a vacuum manifedgion of the dispersion tube containing the smoke was placed into an oven a
equipped with a diaphragm pump which circulated the gas around the closgf& temperature of the smoke was increased to the reaction temperature (4
loop system. The reactant gas ratio 6f/8O varied from 2-100; experimental 573, or 673 K) chosen for that experiment The gas moved through the poro
combinations of smoke and gas mix covered a range/6feCQatios between glass tube into the surrounding smoke, where it continued through the top of t
0.8 and 78. The mixture was prepared by standard manometric techniquesiiiii and repeated its path through the loop. After the reaction period, the ov
separate gas handling facility. The bulb containing bar of the reactant gas was removed and the trap section was immersed in liquid nitrogen while tt
was connected to the closed-loop system through a set of valves. diaphragm pump was running. When the reactant tube had cooled to near ro

After the reactor was filled with the smoke, the vacuum manifold and glagsmperature, the trap was valved-off and detached in order to analyze the ga:
dispersion tube were evacuatecta Torr and the smoke was heated to 450 Kdescribed below. A background experiment to determine the relative trappir
under continuous vacuum pumping fb h toremove trapped volatiles. Then efficiency of CH, + CoHg + CoHa (1: 1: 1) cases at 77 K showed a trapped ratio

Wavenumber (cm™)

for the same mixture after heatingt®00 K. Additional experiments showed no
spectroscopic evidence for interconversion of the hydrocarbons in the abser
of the smoke. These ratios probably represent the accumulated errors invol
in the multiple steps used in the analysis.

H, + CO
Reactant Gas

-—

-

Pump Out

of (1.1:1:0.98) for gases circulated at 300 K and a trapped ratio 8f. (1.:0.93)

Q facuum Gauge

The gas collected in the trap was condensed onto a 15 K mirror attached to

e . tail section of a closed-cycle cryostat. The mid-infrared (4000-400'gspec-
r dj trum of the resulting thin ice film was used to identify new species synthesize
Vacuum during the reaction, by comparing it with reference spectra of,@4H,4, and
Gauge j CyHe. A complete description of the low-temperature laboratory setup used 1
-~ [ | form these ice films has been previously presented (Moore and Hudson, 19
) ‘\ i and references therein).
d_!] m ¢ L O-Ring ] )
| Vac Results. Figure 2 shows a typical 20 K spectrum of the gas collected from ¢
) . yeLm i | Glass 12C experiment (with H/2CO=20) compared with reference spectra'tt
Trep ‘ bt Gange Wool forms of methane, ethane, and ethylene. The 3150-2800 and 1500830 cn
L ] regions contain many of the “fingerprint” stretch- and bending-mode vibration
Diaphragm ~ Oven —» FeSiO, of alkane and alkene molecules. Reference spectra of a dilute mixture of the
Pump ; : Smoke organics with water at < 20 K are shown. Measured absorption coefficients
Porous Class for methane, ethane, and ethylene in water ice (Moore and Hudson, 1998)
Dispersion Tube N . ) - - . ;
the ice film thickness (determined from interference fringes) give estimate

FIG. 1.
lytic studies.

Pyrex Glass Reactor

conversion yields of a few percentage points over the 3-h course of the reactic
The spectral signatures of water and carbon dioxide were also observed. Spec

Schematic diagram of the experimental apparatus used in the catgions containing these features are not shown in Fig. 2. These observatic

are consistent with a FTT formation mechanism. More experiments will b
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necessary to determine quantitatively the amount of @@l H,O formed since range; production was back to the initial values after 10-25 h, depending «
the potential contribution of ;D from any outgassing was not considered. reaction temperature. A 2% Fe-doped smoke reacted at 573 K had the stee|

X-ray photoelectron spectroscopy (XPS) analysis was performed on one Eerve and highest overall output; a 5% Fe-doped smoke at 673 K showed lov
doped silicate smoke sample after the 3-h reaction described above, andvtrétion and greater longevity. The initial rise in output is probably indicative
results were compared to an unused smoke condensed at the same time. ofR$leaning effect (also evident}ACH,/12CHj relative production); the long
detects the elemental composition of surfaces up to "166ep over a roughly tail-off probably represents slow poisoning of the catalytic sites, possibly b
circular region 30Qm in diameter. The unused smoke’s carbon content in fouhe carbon byproduct of catalysis. The various combinations of Fe loading, g
different spots was 7, 9, 11, and 13 at.%, whereas the reacted smoke’s carbodure pressure and composition, and reaction temperature represented by
content in three different spots was 8, 9, and 25 at.%, Potential explantionsdata span a relatively small range of #fe values. Itis not clear that oupe
the high carbon content of the unused smokes could be residual adsorbedeStinates (see the Appendix) are accurate enough to attribute higher react
from the Fe(COj used to synthesize the smokes or the presence of adsorbeates to lower H/Fe ratios, as suggested by Kress and Tielens (1996). We m:
atmospheric C@on smoke surfaces. Only one of three test spots in the reacteldeady be operating in the high-pressure (saturated) regime. Additional effo
smoke showed the increase in carbon content which would be expected withtthevaluate these materials are continuing.

FTT mechanism (Wentrce#t al. 1976). Because carbon composition variations These results are a first attempt at experimentally simulating the cataly!
within the reacted smoke were as great as the differences between the usedandersion of CO into hydrocarbons as it may have occurred on grains in ast
unused smokes, this finding should be regarded as inconclusive, although tgbfsical environments. Clearly the process is quite effective, with the detectic
concentrations of catalytic sites localized on a few grains might account for theCH,4, CoHg, and GH4 in a very short time. Efforts to further quantify these
XPS results. results are continuing. Variations in the initial gas ratio ef/8O, total gas

Because the small particle size and underoxidized nature of the smoke grairessure, and iron loading of the catalyst particles are planned. Such results \
have been implicated in catalytic processes before (Mebrd. 1994), addi- allow us to span the range of conditions likely in astrophysical situations, ar
tional experiments were conducted to determine if our observations were théurther evaluate the applicability of the FTT mechanism in the production c
result of FTT reactions mediated by iron in the silica or if they were due to tremple hydrocarbons in those environments.
underoxidized nature of the silicate smokes rather than to the presence of iron.

A sample of SiQ was used in the reactor and heated while 0.4 bar of a gas withAppendix. To provide a meaningful comparison of conversion rates betwee
an H,/CO=~2 was circulated through it for 3 h. Amorphous i@ under- this work and the report of Kress and Tielens (1996), we attempted to moc
oxidized, but it contains no iron. To eliminate the possible reduction of the Caur Fe-doped silicate grain system in the same physical context as their wo
caused by particle size alone, in the absence of iron, another experiment usiag a grain in a 1-cfhvolume whose surface contains a number of catalytic
Cab-O-Sil, a commercial, fully oxidized, fumed silica of particle size similar tsites, exposed to a gas mixture. Temperature and pressure were fixed to co
the silicate smokes, was completed. IR spectra of ice films formed from thesm®nd to our experimental values. Utilizing the average diameter of the silica
experiments showed no evidence of the formation of any hydrocarbon produstsoke particles+30 nm), the measured BET surface area (1Zgmn), and
The conversion of CO to CHdoes not result from the underoxidized naturehe 10% Fe loading of some of the smokes, and assuming a density equival
of the silicate or from the very small grain size of the catalyst: iron appearstmthat of Cab-O-Sil fumed amorphous silica (0.048 g-éjrwhich has compa-
be the key ingredient. An additional experiment was to circulate 0.4 bar of puable grain size, we estimated the number of iron sites on a sample of silic
Hy at 573 K through the reactor fille with Fe-doped smoke. The spectrum of themoke that would have a total surface area equivalent to the single FeNi gr:
collected gas afte3 h showed only the presence of €O of Kress and Tielens (1996). That surface-equivalent silicate smoke samp

Although the spectra of the smokes themselves indicated the absencenafntained in a 1-cfvolume at 0.4 bar pressure (witly HCO=20) at 600 K,
trapped or bound CO moieties remaining from the high-temperature synthedsasl log(h/Fe site)=15.3. Using a polynomial fitted to the data appearing in
of the smokes, there was concern that the formation of hydrocarbons occurffégl 2 of Kress and Tielens (1996), we calculate that it takes neaflyd4r to
through reaction of H atoms with atomic carbon impurities in the solid, rathepnvert 10% of the CO into an organic. Due to numerous approximations, the
than through the catalytic reduction of CO from the gas phase. To examine thalies must be considered crude, but they do indicate the realistic iron-doped
possibility, a number of experiments were conducted using various gas mixtuiee grains can effect conversion on time scales comparable to metallic grai
of Hy with 13CO (99 at.%!3C; Aldrich). The spectrum of one such experi-despite the significantly lower density of surface sites.
ment is shown in Fig. 2. Peaks representliGHs, 13C,H,, and3C,Hg all
appear, shifted to lower frequencies compared to the idedfi€apeaks. The  Acknowledgments.Manson Wade from the Astrophysics Program at the
identification of the isotopic bands was confirmed by comparison to appropriéeiversity of Alabama at Birmingham is acknowledge for hissdbauer mea-
laboratory reference spectra (not shown). Under higher resolution, it is clearements. We thank Bert Donn for discussions of experiments on the cataly
that somé2CH, is also formed in these experiments, presumably from carb@onversion of CO relevant to astrophysical problems. The authors acknov
impurities in the smoke. Analysis of the methane features indicated that from&@ge NASA support of this research through RTOP 344-33-01 and 344-02--
to 95% of total methane production was in the form of #@ isotopomer. For- R. Ferrante acknowledges support of a fellowship as “Kinnear Professor
mation of hydrocarbons from the carbon impurity does occur to a small exteé@ibemistry” 1998 at the U.S. Naval Academy.
in these samples, but it is clearly not the major source of product.

Apparent reaction yields were influenced by the reaction temperature and the
H,/CO ratio of the reactant gas mix. Very low yields of gebuld be observed REFERENCES
at 473 K, but the signals were sufficiently weak to preclude quantitative mea-
surements. Gas ratios withpHCO > 100 and low total pressure presented th%nders E., and N. Grevesse 1989. Abundances of the elements: Meteoritic ¢
same problem. For that reason, quantitative results were based on expenmergglar Geochim. Cosmochim. AcES, 197—214.
run atT > 573 K and gas ratios HHCO < 25.

Some effort was made to qualitatively assess the performance of these sm
as FTT catalysts by examining the area of #i€H, peaks, normalized for
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